It is showed that the kinetic freeze-out temperature of emission source is dependent on particle mass, which reveals the scenario for multiple kinetic freeze-out in collisions at the RHIC and LHC. The scenario for single or double kinetic freeze-out is not observed in this study.
Introduction
Kinetic freeze-out is the last but not least stage in high energy collisions, in which inner collisions among particles are elastic and transverse momentum distributions of different types of particles are no longer changed. Kinetic freeze-out temperature (T 0 or T kin ) is an important quantity which describes the excitation degree of interacting system at the stage of kinetic freezeout. A natural question arises that how many different T 0 are there at the stage of kinetic freeze-out. Correspondingly, chemical freeze-out is also a stage in high energy collisions, in which the inner collisions among particles are inelastic, and yield ratios of different types of particles remain invariant. Chemical freeze-out temperature (T ch ) is an important quantity which describes the excitation degree of interacting system at the stage of chemical freeze-out. It is also necessary to know about the various T ch at the stage of chemical freeze-out.
Generally, the kinetic freeze-out happens later than or simultaneously with the chemical freeze-out. This renders that T 0 is smaller than or equal to T ch . According to the thermal and statistical model [1] [2] [3] [4] , with increasing the collision energy, the single T ch in central nucleus-nucleus collisions increases initially over an energy range from a few GeV to more than 10 GeV, and then saturates in an energy range more than dozens of GeV. The maximum T ch at the top Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC) energies is about 160 MeV, though there is a very slight increase from the top RHIC to LHC. Meanwhile, T ch in central nucleus-nucleus collisions is slightly larger than that in peripheral nucleus-nucleus collisions. The properties of T ch is unquestioning in the community.
However, the situation of T 0 is more complex. At least three issues are needed to check. Firstly, with increasing the collision energy, although T 0 in central collisions increases initially over the energy range from a few GeV to more than 10 GeV, the subsequent tendency can be saturated, increscent, or decrescent. It is necessary to check the correct subsequent tendency. Secondly, T 0 in central collisions can be slightly larger than, approximately equal to, or slightly smaller than that in peripheral collisions. It is necessary to check which T 0 is larger. Thirdly, T 0 can possibly give single, double, or multiple values for the emissions of different types of particles in the given collisions. The correct kinetic freeze-out scenario has to be checked.
It is quite interesting to solve all the above three issues but not easy. In particular, the first issue needs to study the excitation function of T 0 , which needs the collection and analyzation of many experimental data. We shall do it in other work. The second issue is studied in our very recent work [5] which shows a slightly larger T 0 in central collisions if a non-zero transverse flow velocity (β T ) is used for peripheral collisions. Considering low frequency of cascade collisions in both participant nucleons, peripheral collisions are similar to inelastic (INEL) or non-single-diffractive (NSD) proton-proton (pp) collisions which also shows collective expansion [6] and then reveals non-zero β T . For the third issue, we have to extract T 0 from the transverse momentum (p T ) spectra of different types of particles. As an accompanying result, β T can be obtained, which also show complex situation as T 0 .
More than one methods can be selected for the extraction of T 0 and β T . In the present work, we shall use the blast-wave model with Boltzmann-Gibbs statistics [7] [8] [9] to extract T 0 and β T from p T spectra of different types of particles produced in mid-rapidity interval in central and peripheral gold-gold (Au-Au) collisions, central and peripheral deuteron-gold (d-Au) collisions, and INEL or NSD pp collisions at the RHIC, as well as in central and peripheral lead-lead (Pb-Pb) collisions, central and peripheral proton-lead (p-Pb) collisions, and INEL or NSD pp collisions at the LHC. The contribution of soft excitation process is included, while the contribution of hard scattering process is not excluded, if available in low p T region. The model results are compared with the experimental data measured by the PHENIX [10] [11] [12] [13] [14] , STAR [15] [16] [17] [18] , ALICE [19] [20] [21] [22] [23] [24] [25] [26] [27] , and CMS [28] Collaborations.
The remainder of this paper is structured as follows. The method and formalism are shortly described in Section 2. Results and discussion are given in Section 3. In Section 4, we summarize our main observations and conclusions
The method and formalism
There are more than one methods which can be used to extract T 0 and β T . These methods include, but are not limited to, i) the blast-wave model with BoltzmannGibbs statistics [7] [8] [9] , ii) the blast-wave model with Tsallis statistics [29] , iii) an alternative method using the Boltzmann distribution [8, [30] [31] [32] [33] [34] [35] [36] , iv) the alternative method using the Tsallis distribution [37, 38] . In the alternative method, T 0 is regarded as the intercept in the linear relation T − m 0 , where T is the effective temperature which includes together the contributions of thermal motion and flow effect, and m 0 is the rest mass; and β T is regarded as the slope in the linear relation p T − m, where p T is the mean transverse momentum and m is the mean moving mass (that is the mean energy).
Our very recent work [5] confirms that the above mentioned methods are harmonious. Among these methods, the first one is the most direct and has less parameters, though it is revised in different ways and applied to other quantities [39] [40] [41] [42] [43] . In the present work, we have used the first method, that is the blast-wave model with Boltzmann-Gibbs statistics, to extract T 0 and β T . Other methods will not be used due to their coherence [5] . As an application of the blast-wave model with Boltzmann-Gibbs statistics, we shall only give a short representation of its formalism in the original form. The discussions on its various revisions and applications to extract other quantities are beyond the focus of the present work. We shall not discuss them further.
According to refs. [7] [8] [9] , the blast-wave model with Boltzmann-Gibbs statistics results in the p T distribution to be
where N is the number of particles, C is the normalized constant, m T = p 2 T + m 2 0 is the transverse mass, I 0 and K 1 are the modified Bessel functions of the first and second kinds respectively, ρ = tanh −1 [β(r)] is the boost angle, β(r) = β S (r/R) n0 is a self-similar flow profile, β S is the flow velocity on the surface, r/R is the relative radial position in the thermal source, and n 0 is a free parameter [7] .
There is the relation, β T = (2/R 2 ) R 0 rβ(r)dr = 2β S /(n 0 + 2), between β T and β(r). In the present work, we take n 0 = 2 as used in ref. [7] , which results in β T = 0.5β S . Because of the maximum value of β S being 1c, one has the maximum value of β T to be 0.5c. In other work [29] which concerns the blast-wave model with Tsallis statistics, n 0 = 1, which results in β T = (2/3)β S and the maximum β T is (2/3)c. Another work [19] uses n 0 to be non-integer from less than 1 to more than 2, which corresponds to the centrality from center to periphery. This can result in a large variant β T . As a not too sensitive quantity, the selection of n 0 is flexible. Although different n 0 can be used to fit p T spectrum, it affects in fact T 0 . Meanwhile, β T also affects T 0 .
Generally, there are mainly two processes, the soft excitation process and the hard scattering process, in the contributions for p T spectrum. The soft excita-tion process contributes p T spectrum in a narrow range. The hard excitation process contributes p T spectrum in a wide range. The blast-wave model with BoltzmannGibbs statistics and other methods mentioned above describe only the contribution of soft excitation process. As for the contribution of hard scattering process, we can use an inverse power-law [44] [45] [46] , i.e. the Hagedorn function [47, 48] 
where p 0 and n are free parameters and A is the normalization constant related to the free parameters. The Hagedorn function has three revisions [49] [50] [51] [52] [53] [54] [55] which will not be discussed further due to it is being beyond the focus of the present work. To describe a wide p T spectrum, we can use a superposition of the two contributions. We have two methods to superpose the two functions, f 1 (p T ) and f 2 (p T ). Considering the continuities of the two functions from 0 to each maximum, we have
where k denotes the contribution fraction of the first component, f 1 (p T ), that is the soft excitation process. According to Hagedorn's model [47] , we may also use the usual step function
to superpose the two functions, where A 1 and A 2 are constants which result in the two functions to be equal to each other at p T = p 1 . The first superposition has been used in our very recent work [5] . In a low p T region, there is an entanglement between f 1 (p T ) and f 2 (p T ) in the first superposition, though the contribution fraction of f 1 (p T ) is main in most cases. We shall use the second superposition in the present work. In the second superposition, there is no entanglement between f 1 (p T ) and f 2 (p T ) in different p T regions. In particular, f 1 (p T ) contributes only in a low p T region, and f 2 (p T ) contributes only in a high p T region. A narrow p T range such as 0-5 GeV/c is enough to extract T 0 and β T by the second superposition. In the case of encountering a wide p T spectrum, we can cut only the range of 0-5 GeV/c for analysis in the second superposition. In fact, even a range of 0-2 ∼ 3 GeV/c is already wide enough in some cases. In the calculation, only f 1 (p T ) is used in the low p T region which is a special region as wide as possible, and f 2 (p T ) which can be used in the high p T region is not used, as it is being beyond the focus of the present work.
Both the superpositions in Eqs. (3) and (4) are normalized to 1 because they are the probability density functions. We need a normalization constant, N 0 , in the fitted process if the experimental data are not normalized to 1. In many cases, the experimental data presented in literature are not in the form of probability density function. Then, we need an appropriate transformation for the superpositions so that we can compare them with the experimental data. For example, for the main three forms of experimental p T spectra,
2 N/dp T dy, d 2 N/dp T dy, and dN/dp T , one can
to fit them, respectively. The purpose of the present work is to extract T 0 and β T . The meaning and value of N 0 are less important, though N 0 can be obtained at the volley. Instead, the ratio of N 0 for different types of particles in the same form of spectra measured in the same experimental condition have important meanings.
3 Results and discussion Figure 1 presents the transverse momentum spectra, (1/2πp T )d 2 N/dp T dy, of different types of particles produced in mid-rapidity interval in Au-Au collisions at center-of-mass energy √ s N N = 200 GeV at the RHIC.
The symbols represent the experimental data measured by the PHENIX [10] and STAR [15, 16] Collaborations and the curves are our fitted results by using the blastwave model with Boltzmann-Gibbs statistics. Following each panel, the results of data/fit are presented to monitor the departure of the fit from the data. The left and right panels are the results corresponding to central (0-5% centrality) and peripheral (60-92% or 60-80% centrality) collisions respectively. The upper, middle, and lower panels are the results corresponding to π + , K + , and p; π − , K − , andp; as well as φ and Ξ − , respectively. In each fitting, the method of least squares is used. The values of free parameters (T 0 and β T ), normalization constant (N 0 ), χ 2 , and degrees of freedom (dof) are listed in Table 1 . One can see that the model results describe approximately the experimental data in special transverse momentum ranges in large collision system measured at the RHIC by the PHENIX and STAR Collaborations. The special transverse momentum ranges for some particles in peripheral Au-Au collisions are only in 0-2 ∼ 3 GeV/c. In other cases, the particles are expected to have wider special transverse momentum ranges. [10] and STAR [15, 16] Collaborations and the curves are our fitted results. Following each panel, the results of data/fit are presented. Left: for central collisions (0-5% centrality); Right: for peripheral collisions (60-92% or 60-80% centrality). Upper: for π + , K + , and p with |η| < 0.35 [10] ; Middle: for π − , K − , andp with |η| < 0.35 [10] ; Lower: for φ with |y| < 0.5 [15] and Ξ − with |y| < 0.75 [16] . ticles produced in mid-rapidity interval in d-Au collisions at √ s N N = 200 GeV. The symbols represent the experimental data measured by the PHENIX Collaboration [11] [12] [13] , where the spectra of φ and η are cut at 5 GeV/c due to a wide range being unnecessary for the extractions of T 0 and β T . The left and right panels are the results corresponding to central (0-20% centrality) and peripheral (60-88% centrality) collisions respectively. The upper, middle, and lower panels are the results corresponding to π + , K + , and p; π − , K − , andp; as well as η and φ, respectively. Figure 3 is also the same as Fig. 1, but it shows the transverse momentum spectra with different expression in mid-rapidity interval in pp collisions at center-of-mass energy √ s = 200 GeV, where E, σ, and N ev on the vertical axis denote the energy, cross section, and event number, respectively. The symbols represent the experimental data measured by the PHENIX [14] and STAR [17, 18] Collaborations. The left-upper, right-upper, and lower panels are the results corresponding to π + , K + , and p in INEL events; π − , K − , andp in INEL events; as well as φ and Ξ − in NSD events, respectively. One can see that the model results describe approximately the experimental data in special transverse momentum ranges in small collision system measured at the RHIC by the PHENIX and STAR Collaborations. The special transverse momentum ranges for some particles in peripheral d-Au collisions are only in 0-2 ∼ 3 GeV/c or a little more. In other cases, the particles are expected to have wider special transverse momentum ranges.
The transverse momentum spectra of different types of particles produced in mid-rapidity interval in Pb-Pb collisions at √ s N N = 2.76 TeV at the LHC are displayed in Fig. 4 , where different expression of φ and Ξ − spectra is used, and different amounts marked in the panel are used to scale the spectra of π + + π − and K + + K − . The symbols represent the experimental data measured by the ALICE Collaboration [19] [20] [21] [22] , where the spectrum of Ξ − is cut at 5 GeV/c. The curves are the results fitted by us using the blast-wave model with BoltzmannGibbs statistics. Following each panel, the results of data/fit are presented. The left and right panels are the results corresponding to central (0-5% or 0-10% centrality) and peripheral (70-80% or 60-80% centrality) collisions respectively. The upper and lower panels are the results corresponding to π + + π − , K + + K − , and p +p; as well as φ and Ξ − , respectively. The values of T 0 , β T , N 0 , χ 2 , and dof are listed in Table 1 . One can see that the model results describe approximately the experimental data in special transverse momentum ranges in large collision system measured at the LHC by the ALICE Collaboration. The special transverse momentum ranges in Pb-Pb collisions are not observed in the available data ranges. Figure 5 is the same as Fig. 4 , but it shows the transverse momentum spectra of different types of particles produced in mid-rapidity interval in p-Pb collisions at √ s N N = 5.02 TeV. The symbols represent the experimental data measured by the ALICE Collaboration [23] [24] [25] , where the spectra of φ and (Ξ − +Ξ + )/2 are cut at 5 GeV/c. The left and right panels are the results corresponding to central (0-5% centrality) and peripheral (60-80% centrality) collisions respectively. The upper and lower panels are the results corresponding to π + + π − , K + + K − , and p +p; as well as φ and (Ξ − +Ξ + )/2, respectively. Figure 6 is the same as Fig.  4 , too, but it showing the transverse momentum spectra with different expression in mid-rapidity interval in pp collisions at √ s = 7 TeV, where N INEL and N NSD on the vertical axis denote the numbers of INEL and NSD events, respectively. The symbols represent the experimental data measured by the ALICE [26, 27] and CMS [28] Collaborations, where the spectra of K + +K − , p+p, φ, and Ξ − are cut at 5 GeV/c. The left and right panels are the results corresponding to π + +π − , K + +K − , and p +p; as well as φ and Ξ − , respectively. One can see that the model results describe approximately the experimental data in special transverse momentum ranges in small collision system measured at the LHC by the ALICE and CMS Collaborations. The special transverse momentum ranges in p-Pb collisions are not obviously observed in the available data ranges. In pp collisions, some particles are expected to have a special transverse momentum range in 0-3.5 GeV/c or a little more.
To study the change trends of free parameters with rest mass of particle, Figure 7 gives the dependence of Table 1 . One can see that T 0 (β T ) increases (decreases) slightly with the increase of m 0 . T 0 (β T ) in central collisions is slightly larger than or nearly equal to that in peripheral collisions. T 0 (β T ) in collisions at the LHC is slightly larger than or nearly equal to that in collisions at the RHIC. pp collisions are closer to peripheral nuclear collisions.
The fact that T 0 is dependent of m 0 reveals the scenario for multiple kinetic freeze-out at the RHIC and LHC [35, 56, 57] . The scenario for single or double kinetic freeze-out [29, 58, 59] is not observed in this study. Just as its name implies that the scenario for multiple ki- E, σ, and N ev denote the energy, cross section, and event number, respectively, and N ev is usually omitted. The symbols represent the experimental data measured by the PHENIX [14] and STAR [17, 18] Collaborations in INEL and NSD events respectively. Upper: for π + , K + , and p (left), as well as π − , K − , andp (right) with |η| < 0.35 in INEL events [14] ; Lower: for φ [17] and Ξ − [18] with |y| < 0.5 in NSD events. − spectra is used. The symbols represent the experimental data measured by the ALICE Collaboration [19] [20] [21] [22] , where the spectrum of Ξ − is cut at 5 GeV/c. The curves are the results fitted by us using the blast-wave model with Boltzmann-Gibbs statistics. Left: for central collisions (0-5% or 0-10% centrality); Right: for peripheral collisions (70-80% or 60-80% centrality). Upper: for π + + π − , K + + K − , and p +p with |y| < 0.5, where different amounts marked in the panel are used to scale the spectra [19, 20] ; Lower: for φ with |y| < 0.5 [21] and Ξ − with |y| < 0.5 at p T > 1.8 GeV/c and with |y| < 0.3 at p T < 1.8 GeV/c [22] . [26, 27] and CMS [28] Collaborations, where the spectra of K + + K − , p +p, φ, and Ξ − are cut at 5 GeV/c. Left: for π + + π − , K + + K − , and p +p with |y| < 0.5 in INEL events [26] ; Right: for φ with |y| < 0.5 in INEL events [27] and Ξ − with |y| < 2 in NSD events [28] .
netic freeze-out uses different sets of parameters for the spectra of different particles with different masses, that is, this scenario is the mass-dependent and differential. The scenario for single kinetic freeze-out uses one set of parameters for the spectra of all particles which includes both the strange and non-strange particles. The scenario for double kinetic freeze-out uses a set of parameters for the spectra of strange particles, and another set of parameters for the spectra of non-strange particles. Although the average values of parameters weighted by different particle yields in multiple kinetic freeze-out can be regarded as the parameters in single kinetic freeze-out, the fit results will be unacceptable due to large departure from the data. The relative sizes of T 0 (β T ) in central and peripheral nuclear collisions, as well as in collisions at the RHIC and LHC are harmonious to our very recent works [5, 60] in general, though the contribution of soft excitation is included and the contribution of hard scattering processes is excluded in low p T region in [5, 60] . Oppositely, the present work includes the contribution of soft excitation process, and does not exclude the contribution of hard scattering process in low p T region, in the Hagedorn's model [Eq. (4)]. So it does, there are some small differences in absolute values from our previous works [5, 60] . More discussions on the relative sizes of T 0 (β T ) and comparisons with other works can be found in [60] .
The values of average T 0 ( T 0 ) and average β T ( β T ) for different types of collisions at the RHIC and LHC are listed in Table 2 . These average values are obtained by different weights due to different yields (N 0 ) of π + + π − , K + + K − , and p +p. Other particles are not included in the averages due to non-identity type and centrality. In particular, T 0 in central nuclear collisions is ∼ 148 MeV which is less than T ch (∼ 160 MeV [1] [2] [3] [4] ), which renders that the kinetic freeze-out in central collisions at the considered energies happens later than the chemical freeze-out by ∼ 2 fm according to the time evolution of temperature, [61, 62] , where T i (= 300 MeV) and τ i (= 1 fm) are the initial temperature and proper time respectively [62] . Eq. (4) used in the present work results in larger T 0 and β T than Eq. (3) used in our previous works [5, 60] due to the non-exclusion of hard process in Eq. (4).
In different types of collisions, the values of T 0 and β T for emissions of pions show small fluctuations due to large yields and high statistics. The values of T 0 and β T for emissions of other particles show large fluctuations due to small yields and low statistics. Because of large yields of pions, T 0 and β 0 weighted for yields of different particles are closer to those for emissions of poins. The higher T 0 for emissions of other particles renders that other particles are freezed out earlier than pions at the stage of kinetic freeze-out. To study accurately dependences of T 0 (β T ) on centrality and energy, one can select the spectra of pions, at the most include Table 1 . 
Collisions
Energy T0 (GeV) βT (c) Central Au-Authe spectra of kaons and (anti-)protons. In fact, in the alternative method discussed in the beginning of section 2, the spectra of the three types of particles are needed.
We would like to point out that the errors of parameters are very small due to strict restrictions (χ 2 max ≤ 1.05χ 2 min ) being used in the fits, where χ 2 max denotes the maximum-χ 2 when we determine the errors and χ 2 min denotes the minimum-χ 2 when we determine the best parameters. If we relax restrictions, large errors will be obtained. However, in this case, large χ 2 will also be obtained, which shows bad fitting result. On the other hand, as a fitting function itself, Eq. (4) is not ideal due to less parameters being used in low p T region, which renders small variable ranges of parameters in limited selection. Instead, Eq. (3) can give better fit due to more parameters being used in low p T region, which renders large variable ranges of parameters by flexible selection. Indeed, the limited selection restricts T 0 and β T themselves.
Conclusions
We summarize here our main observations and conclusions. (b) The kinetic freeze-out temperature increases slightly and the transverse flow velocity decreases slightly with the increase of particle mass. The kinetic freeze-out temperature in central collisions is slightly larger than or nearly equal to that in peripheral collisions, and that in collisions at the LHC is slightly larger than or nearly equal to that in collisions at the RHIC. The dependences of transverse flow velocity on centrality and energy are similar to those of the kinetic freeze-out temperature. The similarity of pp collisions to peripheral collisions is observed by the Hagedorn's model in which the contribution of hard process in low transverse momentum region is not excluded. The fact that the kinetic freeze-out temperature is dependent on particle mass reveals the scenario for multiple kinetic freeze-out at the RHIC and LHC. The scenario for single or double kinetic freeze-out is not observed in this study.
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